A dinuclear copper complex possessing an azobenzene backbone (Cu II 2 1) was synthesized and its affinity towards DNA was investigated and found to be dependent on the trans-cis isomeric forms. Upon exposure to UV light at 365 nm the trans form of the complex (Cu 
Introduction
Transition metal complexes capable of interacting with DNA have been developed as artificial nucleases for determining the structure and dynamics of DNA and its assembly with proteins [1] [2] [3] [4] [5] . Some multinuclear copper complexes show high nucleobase affinity and structure-dependent DNA cleavage activity via the formation of a reactive oxygen species. Researchers have previously demonstrated that multinuclear copper (II) complexes promote efficient oxidative DNA cleavage especially at the junction of single-and double-stranded DNA in the presence of reducing agents (e.g., 3-mercaptopropionic acid [MPA] ) and dioxygen [6] [7] [8] [9] [10] [11] . The present study was inspired by interesting findings of earlier studies, which showed that the ligand structure and the distance between the copper centers of the complexes could alter the mode of dioxygen activation and site-specificity of the DNA cleavage [11, 12] , leading to the design and synthesis of a dinuclear copper complex.
The conformation of the ligand and the distance between two copper centers were reversibly altered by photo-irradiation, and its DNA oxidation activity was evaluated as a new type of metallonuclease. Recently, Hirota and co-workers have developed structurally similar dinuclear metal complexes and investigated hydrolysis of DNA duplex by the isomeric forms of the complexes, and have found that only cis-forms induce hydrolysis of DNA [13, 14] . They also attempted redox cleavage of DNA by employing dinuclear copper-dipeptides complexes containing azobenzene structures, but failed to observe conformation dependent activity toward duplex DNA [14] .
We thus focused our attention on the copper-catalyzed activation of molecular oxygens by our developed dinuclear copper complexes and studied structure-dependent DNA oxidation as described below.
Experimental

General methods
Oligodeoxynucleotides ODN 1 and 2 were purchased from Life Technologies. NMR spectra were recorded on a JEOL EX 400 spectrometer and chemical shifts were expressed in ppm relative to the residual signals of the solvents. Fast atom bombardment (FAB) mass spectrometry was performed on a JEOL JMS-SX 102A mass spectrometer using nitrobenzyl alcohol as a matrix. UV-visible spectra were obtained using a JASCO V-530 UV-Vis spectrophotometer. Monochromatic light of 365 or 420 nm was obtained from a LAX-101 (100 W) light source (Asahi Spectra) with appropriate filters. (2) [15] . 
Synthesis of Azobenzene ligand 1
N,N-Bis[2-(2-pyridyl)ethyl]-2-(4-nitrophenyl)ethylamine
Plasmid DNA Cleavage
Duplex DNA cleavage by copper complexes was performed by using supercoiled circular The gels were visualized on a UV transilluminator (λ ex = 312 nm, ETX-35.M, Vilber-Lourmat).
DNA-Binding Assay
UV-visible absorption spectra of the copper complex (50 M) in Tris-HCl-NaCl buffer (5 mM, pH 7.4) were measured under various concentrations of poly dG/poly dC (SIGMA-Aldrich).
The intrinsic binding constants K b between the complexes and DNA were calculated by the absorption spectral titration data ( = 420 nm) using equation 1.
Results and discussion
Synthesis
An azobenzene structure was chosen for regulating the conformation of the dinuclear copper ligand (trans-1) in a reversible manner following illumination with UV light (Fig. 1) . A dinuclear Zn II complex possessing a similar ligand structure has been recently reported, in which the distance between two benzylic carbons of azobenzene moiety was determined to be ~12 Å [13] . The cis-1-rich solution to visible light at 420 nm induced cis-trans isomerization to yield the trans isomer.
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DNA cleavage activity
The DNA cleavage activity of the complex was investigated and its sequence specificity was determined by designing and synthesizing oligodeoxynucleotides (ODNs 1 and 2) that form single-strand-double helix junctions and hairpin structures (Fig. 3A) . Sequential deoxyguanosine (GG) sites have been inserted in the middle of the helices (ODNs 1 and 2) and at the junctions (ODN 2) to investigate potential interaction between GG-sites and copper complexes. Non-irradiated Cu II 2 trans-1 complex or its isomer that is formed after exposure to UV (Cu GG sites at the helix-coil junctions, site-specific DNA oxidation was observed especially at the G 14 G 15 site near the junction (Fig. 3B[a] ). Such site-specific oxidation of DNA bases at the helix-coil junction by multi-nuclear copper complexes have been previously reported [6] [7] [8] [9] [10] [11] . This specificity disappeared on employing Cu II 2 cis-1 rich fraction for the reaction (Fig. 3B[b] ), demonstrating the regulation of site-specificities by photoinduced trans-cis isomerization of the complex. Interestingly, strand cleavage was also observed at nucleobases adjacent to the GG sites (C 3 and T 8 ). Similar specificities have been previously observed for the trinuclear copper complex, which on incubation with oligodeoxynucleotides possessing helix-coil junctions showed site-specific DNA oxidation at nucleobases near the GG sites, possibly due to interaction between the copper complex and the GG near the DNA junction [9] . It is thus likely that photoinduced isomerization of the ligand 1 affects the accessibility of the complexes toward DNA.
( Fig. 3) Both isomeric copper complexes showed similar weak strand-cleavage activity towards the double-helix moiety. Supercoiled circular plasmid DNA pUC19 (40 M/bp) was incubated with either trans or cis complex (10-50 M) at 37ºC for 30 min, and the products were analyzed using agarose gel electrophoresis. As shown in Fig. 4 , nicked circular DNA (Form II) was generated on completion of the reaction in a concentration dependent manner; however, similar DNA-cleavage activity was observed between the isomers.
DNA binding ability
The UV-visible spectra were used to determine the binding affinity of the complexes with poly dG/poly dC duplex DNA. The electronic absorption spectra of both the complexes with varying the site-specific DNA oxidation could be attributed to the relatively higher accessibility of the trans isomer to the helix-coil junction than the cis isomer.
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DNA cleavage mechanism
Previous attempts aimed at regulating DNA cleavage activity by using of dinuclear metal complexes containing an azobenzene have successfully demonstrated that strand scission of DNA depended on the ligand structure and proceeded most likely via the hydrolysis of the phosphodiester bonds of DNA [13, 14] . On the other hand, our developed complex can be activated only in the presence of a reducing agent like MPA (see Fig. 6 , lanes 3 and 4), which implies that Cu I complexes generated in situ activate molecular dioxygen to form reactive oxygen species (ROS ( Fig. 6) Thus, we have demonstrated that two isomeric forms of our dinuclear copper complex with azobenzene ligand structures exhibit different site-specificities in the oxidative cleavage of DNA containing single-strand-double-helix junction, which can be regulated by photo-irradiation.
Our developed copper complex could be useful as a metallonuclease, the target specificity of which can be modulated by redesigning ligand structures of the isomeric azobenzene. 
